We examine the modulational instability (MI) of ion-acoustic waves (IAWs) in an electronegative plasma containing positive and negative ions as well as electrons that follow the nonextensive statistics proposed by Tsallis [J. Stat. Phys. 52, 479 (1988) 
I. INTRODUCTION
Electronegative plasmas, namely, plasmas comprising an appreciable amount of negative ions, have been found in a wide variety of astrophysical environments. These include the Earth's ionosphere [1] and mesosphere [2] , cometary comae [3] , and the Titan's ionosphere [4] , to name but a few. Equally important is that electronegative plasmas exhibit many technological applications such as neutral beam sources [5] , plasma processing reactors [6] , synthesis of nanomaterials [7] , and semiconductor materials processing [8] . Due to its wide application in laboratory and space plasmas, many authors studied wave propagation phenomena in such plasma systems [9] [10] [11] [12] [13] [14] .
There are many circumstances in which the well-known Maxwellian distribution proves not to be a proper description of the plasma species [15] [16] [17] . Rather, the so-called superthermal or Tsalis distribution, seems common to the species in general [18] [19] [20] [21] , and the electrons in particular [22] [23] [24] [25] . As is well-known, the Maxwellian distribution in the Boltzmann-Gibbs statistics is believed to be universally valid for macroscopic ergodic equilibrium systems. However, for such systems as plasmas and gravitational systems where long-range interactions are present and where non-equilibrium stationary states exist, the Maxwellian distribution may be inadequate. For this reason, a large number of theoretical investigations have been made into the nonextensive statistic mechanics based on the deviations from the Boltzmann-Gibbs-Shannon (B-G-S) entropic measure. A suitable nonextensive generalization of the B-G-S entropy for statistical equilibrium was first recognized by Renyi [26] and subsequently proposed by Tsallis [27] , suitably extending the standard additivity of entropy to the nonlinear, nonextensive case where one particular parameter, the entropic index q, characterizes the degree of nonextensivity of the considered system. When q = 1, one recovers the standard, extensive, B-G-S statistics. This non-additive entropy of Tsallis and the ensuing generalized statistics have been employed with success in a wide range of phenomena characterized by nonextensivity [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] 46] . Specifically, a growing body of observational evidence in astrophysical environments suggests that the q-entropy provides a convenient framework for the analysis of stellar polytropes [43] , the solar neutrino problem [44] , and peculiar velocity distribution of galaxy clusters [45] . Likewise, there are experimental results for electrostatic plane-wave propagation in a collisionless thermal plasma that point to a class of Tsallis's velocity distribution described by a nonextensive q-parameter smaller than unity [46] . The deviation of the velocity distribution functions (VDFs) of plasma species from a Maxwellian has proven to have a profound effect on the nonlinear collective phenomena in many environments [47] . It is then no surprise that the q-nonextensive description is becoming increasingly popular as far as the studies of solitary waves in plasmas where the electron VDF is not a Maxwellian are concerned [48] [49] [50] . For instance, Saini et al. [51] studied IonAcoustic Waves (IAWs) with arbitrary amplitudes in the presence of superthermal electrons and obtained existence conditions for and some characteristics of IAWs in a plasma composed of cold ions and kappa-distributed electrons. Likewise, Boubakour et al. [52] examined such IAWs in a plasma comprising inertial ions, Maxwellian positrons and superthermal electrons, and showed that the superthermality of the electrons influences substantially the profile of the solitons. Recently, Tribeche et al. [48] studied the characteristics of ion-acoustic solitary waves in a two-component plasma with a q-nonextensive electron velocity distribution. Also, modulational instability of different modes in several plasma environments has been studied [53] [54] [55] [56] [57] . The aim of the present study is to extend the work of Taibany and Tribeche [59] , and examine the combined effect of nonextensively distributed electrons and negative ions on the modulational instability (MI) of ion-acoustic waves. For this we derive the nonlinear Schrodinger equation (NLSE) that describes the evolution of the modulated wave packet. In the NLSE, the nonlinearity is in balance with the group velocity dispersion and the resulting stationary solutions have envelope structures. The organization of this paper is as follows.
In section II, we present the basic equations for an electronegative plasma and carry out a reductive perturbation to derive the appropriate nonlinear Schrödinger equation (NLSE).
The modulational instability is discussed in Sec.III. and our findings are summarized in Sec.IV.
II. BASIC EQUATIONS
We consider a plasma model whose constituents are singly charged fluid cold positive ions (subscript p), singly charged fluid cold negative ions (subscript n), and nonextensive electrons (subscript e). The nonlinear dynamics of ion-acoustic oscillations is governed by the following normalized equations [59] :
-for positive ions
-for negative ions
where the expression for the nonextensive electron density is given by [49, 55] 
In Eqs. (1) - (6), n p,n is the ion number density normalized by the unperturbed positive ion density n p0 , u p,n is the ion fluid velocity normalized by the ion sound speed
, and φ is the electrostatic wave potential normalized by k B T e /e. The time t is normalized by the ion plasma period ω
, and the space variable x is in unit of the ion Deybe length λ Di = (k B T e /4πe 2 n p0 ) 1/2 . Here k B is the Boltzmann constant, T e is the electron temperature, and e is the electron charge. We define the mass ratio M as m p /m n where m p (m n ) is the positive (negative) ion mass. The neutrality condition implies ν + µ = 1, where ν = n n0 /n p0 and µ = n e0 /n p0 . Moreover, the parameter q stands for the strength of the electron nonextensivity. For q < −1, the nonextensive electron distribution is unnormalizable. In the extensive limiting case q → 1, the electron density, Eq. (6), reduces to its well-known Maxwell-Boltzmann counterpart.
To investigate the modulation of the IAWs, we employ the standard reductive perturbation technique (RPT) to derive the appropriate nonlinear Schrödinger equation (NLSE).
The independent variables are stretched as ξ = ǫ(x − v g t) and τ = ǫ 2 t, where ǫ is a small parameter and v g the group velocity of the wave. The dependent variables are then expanded as
For n p,n , u p,n and φ to be real, one requires that A 
1 as −ιωn
where
The solution for the first harmonics is
1 , u
Thus, we obtain the following dispersion relation for IAWs At the second order (m = 2) and for l = 1, the following equations are obtained
− ιωu
− ιωn
(
along with the compatibility condition
If we proceed further in the same way as in Ref. [60] , and substitute the derived expressions for m = 2, l = 0 and m = 2, l = 2 into the components for m = 3, l = 1 of the reduced equations, we can obtain the following nonlinear Schrodinger equation
and
III. NUMERICAL ANALYSIS
Let us now investigate the stability/instability of the modulated wave packets in an electronegative plasma with nonextensive electrons on the basis of the NLSE (17) that governs the MI of the IAWs. Based on the linear stability analysis [61] , it is observed that the wave is modulationally unstable when P Q > 0 in the modulation wave number region
where φ 0 is the amplitude of the carrier waves. Furthermore, the maximum growth rate is given by Q|φ 0 | 2 and is attained at k = Q P |φ 0 |. Two types of stationary solutions are possible: (i) bright envelope soliton when P Q > 0 and (ii) dark envelope soliton when P Q < 0. For unstable wave packets (P Q > 0), we have envelope solitons given
where γ is a real constant. For stable wave packet (P Q < 0), we obtain a modulationaly stable ion-acoustic mode with special solution known as envelope dark soliton given by
It is obvious from Eqs. (21) and (22) that the width and the amplitude of the solitary wave vary with P and Q. The soliton width is proportional to |P | and the soliton amplitude is inversely proportional to |Q|. These coefficients in turn depend upon a number of parameters such as positive to negative ion mass ratio M, negative to positive ion density ratio ν and the electron nonextensive parameter q. Consequently, one expects that these parameters would affect the stability criteria over a wide range in the parameters space.
To proceed further, some specific applications are necessary for a quantitative analysis to be made. To this end, we focus on the following four types of plasmas [62] : (Xe + ) with M = 40/146 ≃ 0.27. Evaluating the dispersive coefficient P , we find that for all sets of parameters, P is always negative. Hence, the conditions for instability is determined by the sign of the nonlinear coefficient Q. Given that P is negative definite for all the parameters considered, the product P Q has different trends for different types of plasmas as well. It follows that the stability profile may be readily obtained by examining the ratio P/Q against k. The wavenumber k corresponding to Q = 0 is of particular relevance since it is the critical or threshold wavenumber for the onset of the MI. For the ease of description, it will be termed k c .
For the Xe
+ -F − plasma, the variation of P/Q as a function of k for different values of the nonextensive parameter q is shown in Fig.3 . One notices that both unstable and stable regions are obtained. The amplitude remains unstable when k < k c and becomes stable when the opposite is true. Bright solitons occur in the former case and therefore correspond to large wavelengths, whereas dark envelope solitons occur in the latter region. Besides, it can be seen that the critical value k c , where the instability sets in, increases when q increases, meaning that for vanishingly small q → 1, the MI occurs at small wavelengths.
The combined effect of negative to positive ion ratio (ν) and the electron nonextensivity for M = 6.89 is depicted in Fig.4 . It is clear that the critical wavenumber k c decreases with increasing µ, namely, with the decrease in the negative to positive ion density ratio.
In other words, the more negative ions that are introduced into the plasma, the smaller the wavelength beyond which the instability sets in will be. For a fixed value of µ, the critical wavenumber k c increases sharply in the region −0.9 < q < 0. As q → 1, i.e., as the distribution approaches a Maxwellian, k c acquires an almost saturated value.
With µ fixed, the variation of P/Q as a function of k for an Ar This picture is clearer in Fig.6 , where the critical wavenumber k c is plotted as a function of q for different values of µ. At any given value of q, it is seen that with an increase in µ, the critical value decreases, just like in the previous case. The amplitude is unstable at small k, and the critical wavenumber at which the transition occurs increases in the region −0.9 < q < −0.5. After that, the critical number continuously decreases with increasing q.
In the two plasmas we have discussed so far, the amplitude is unstable at small k (large 
